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1.  Short  Description  of  Progress 

During  the  period  of  this  contract,  22  manuscripts  (abstracts  attached) 
were  published  or  submitted  for  publication.  The  manuscripts  concern  real 
space  transfer  and  electronic  transport  In  submicron  structures,  modelling  of 
small  devices,  and  material  research  with  laser  and  electron  beam  annealing. 

We  have  submitted  6  reports  and  descriptions  of  our  progress  before.  Here  we 
only  attach  a  complete  collection  of  all  abstracts  and  papers  which  have  been 
published  or  submitted  for  publication.  Major  progress  has  been  made  In  the 
areas  of: 

(1)  laser  and  electron  beam  annealing 

(11)  theory  of  resonance  scattering 

(111)  modelling  of  small  devices 
(Iv)  studies  of  ultrasmall  dimensions  (heterolayers  and  super¬ 
lattices).  Here  we  demonstrated  experimentally  the  concept 
of  real  space  transfer. 
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THBOUnCdL  COHSIOntATiraS  UGASOUK:  pulsed  GOj  LASEE  AinEALIEG  OF  SILICOE* 
Anjaa  Bbattacharypa  and  B.  C.  Straatnan 


Coordiaatad  Sctanca  Laboratory  and 
Oapartaaat  of  Elaetrleal  Eaglaaorlng 
Qalvaraity  of  Illlaola  at  Urbana-Chaapalgn 
Drbaaa,  Illlnola  61801,  USA 
(Bacaivad  S  July  1980  by  A.  A.  Haradudla) 


Ha  praaant  a  calculation  of  tha  aurfaea  tMparaturo  and  Invaattgaca 
tha  "tharaal  runauay"  phanonanon  during  pulsad  00,  laaar  (X  >  10.6  un) 
annealing  of  silicon.  In  calculating  tha  taaparatura  variation  of 
fraa  carrier  abaorptlon  In  n-Sl,  wa  hava  takan  late  account  acoustic 
dafomatlon  potantlal  seattarlng,  optical  daforaatlon  potential 
scattering,  and  Ionised  lapurlty  acattariag.  Tha  dafomatlon  pocan- 
tlala  are  adjusted  to  fit  tha  axparlamtally  obsarvad  values  at 
300°K.  Also,  ua  discuss  tha  contribution  of  fraa  carrier  absorption 
during  annaallttg  with  a  Mdiglaas  laaar  (X  ■  1.06  iin)> 


Sacantly  thara  have  bean  wide  applications 
of  pulsed. and  cw  lasers  In  tha  annealing  of  Ion 
Inplantad  81  for  davlea  fabrication.  In  parti¬ 
cular,  'CO2  lasers  are  being  used  for  this  pur¬ 
pose^  because  of  thalr  consldarabla  power 
output,  large  bean  spot  also,  easy  installa¬ 
tion,  and  consequent  industrial  application. 
However,  data  has  not  been  previously  available 
on  the  temperature  variation  of  free  carrier 
absorption  in  SI,  upon  which  these  applications 
depend. 

This  paper  presents  results  from  a  quantum 
mechanical  calculation  of  tha  temperature  vari¬ 
ation  of  the  free  carrier  absorption  coeffi¬ 
cient  for  n-type  81  at  10.6  wm.  Hera  we  report 
for  the  first  time  the  application  of  the  tam- 
parature  dependent  absorption  coefficient  to 
Investigate  the  rise  In  surface  temperature 
leading  to  thermal  runaway  during  CO2  laser 
annealing  of  81.  He  have  calculated  the  power 
density  required  to  Initiate  tha  thermal  run¬ 
away  situation.  Our  rasulta  are  In  good  agree- 
wlth  those  observed  esperlmeatally.^*^  In  cal¬ 
culating  the  absorption  coefficient  we  hsve  ad¬ 
justed  the  dafomatlon  potentials  such  that  the 
calculated  values  agree  with  the  available  ex¬ 
perimentally  obtalnad  values^'*'  at  300"K.  It 
la  well  known  that  at  10.6  pm  the  absorption 
mechanism  In  81  Is  primarily  dua  to  free  car¬ 
riers,  with  a  small  contribution  due  to  nultl- 
phonon  excitations.  The  variation  of  absorp¬ 
tion  coefficient  with  temperature  provides 
Insight  Into  the  mechanism  by  which  laser  power 


couplea  Into  the  material.  He  find  that  the 
Abaorptlon  coefficient  Increases  rapidly  with 
temperature,  resulting  in  a  "thermal  runaway" 
situation  for  largo  power  densities.  This  can 
lead  to  melting  of  the  Uq^lanted  layer  as  ob¬ 
served  experimentally,  and  «ubsequant  liquid 
phase  epitaxial  mgrowth^  during  pulsed  COj 
laser  annealing.  The  calculations  also  explain 
the  mechanism  by  idtich  temperature  incmases  to 
a  sufficient  value  for  a  solid  phase  epitaxial 
regrowth  during  ew  CO2  laser  annealing.* 

He  calculate  the  contributions  from  the 
acoustic  deformation  potential  scattering 
(e  ),  optical  deformation  potential  scattering 
(o^),  and  Ionised  Impurity  scattering  (e^^), 
and^ add  tham  together  to  give  the  total  free 
carrier  absorption  coefflcloM  (e)^  as  a  func¬ 
tion  of  tamperatum  from  SOOnc  to  168S^K  (the 
melting  point  of  81): 
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He  have  taken  into  consideration  the  contribu¬ 
tion  from  both  the  electrons  and  holes  for  com¬ 
pleteness,  although  the  holes  contribute  little 
for  n-type  81.  The  data  presented  are  for  the 
ease  of  thermal  aqulllbrlum  with  the  electron 
temperature  equal  to  the  lattice  temperature 
(T^  -  T). 

The  free  carrier  absorption  coefficient 
for  tha  acoustic  deformation  potantlal  scatter¬ 
ing  is  given  by 
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*  This  work  was  supportad  by  the  Joint  Services 
Electronics  Program  (0.8.  Army,  U.S.  Ravy,  D.S. 
Air  Pores)  under  Contract  II0001A-79-C-OA2A  and 
by  the  Army  Research  Office  under  Contract 
AAAC  29-«0-e-0011. 


where  we  ■  377  ohm,  n  Is  the  free  carrier  con¬ 
centration,  la  the  acoustic  deformation 
potantlal  constant,  k  Is  the  dielectric  con¬ 
stant  of  tha  material,  c,  la  the  longitudinal 


Hot  electrons 

in  layered  semiconductors 

The  size  of  semiconductor  devices  has  decreased  so  much  that 
ciassical  treatments  of  semiconductor  physics  become  invalid  and  effects 
involving  supra-thermal  electrons  take  on  a  new  importance. 

Kart  Hess  arul  Nick  Holonyak,  Jr 


Am  eleetroiuc  lyiteiii*— and  eapadally 
eomputam— are  uaad  more  and  more 
widely  in  almoet  all  areae  of  endeavor 
and  daily  Ufa,  the  eemioMiduetor  tedi- 
nolocy  on  whidi  they  are  baaed  ii  being 
pushed  to  ever  largmeale  integration 
and  ever  greater  miniaturkation.  At 
the  devioee  get  emaller,  and  emaller, 
new  problems  (and  maybe  new  opportu- 
nities)  appear.' 

One  omsequenoe  of  the  reduction  in 
siae  is  that  tte  Adds  aoeelmrating  eleo- 
trons  and  hides  throu||d>  the  eiystal 
become  very  large,  so  t^t  the  cairkre 
acquire  large  kinetic  energies.  The 
equations  of  motion  fmr  an  energetic 
deetron  in  the  lattice  can  be  apprecia¬ 
bly  diSbreot  ftom  Newton’s  laws;  its 
(inertid)  mass  can,  fbr  example,  appear 
to  be  initeita  or  even  negative.  This 
has  nothing  to  do  with  rdativistie  ef¬ 
fects  but  is  due  to  ftsggrefloction.  Ihe 
non-liaewHy  of  the  equation  of  motion 
is  illustrated  in  Agure  1,  whidi  shows 
lines  of  oqud  energy  in  momentum 
space  (k-^paee)  for  the  aemioonduetor 
^Uium  aremide.*  For  a  free  particle, 
those  lines  would  be  circles,  as  they  are 
near  the  origin  in  Agure  1,  because  the 
energy  depmda  only  on  the  magnitude 
of  the  momentunL  Hm  corapUoUed 
shapes  of  the  curves  for  large  k  indi¬ 
cates  that  the  relation  between  energy 
and  momentum  is  anisotropic  and  not 
quadratic.  Electrons  then  do  not  neo- 
sasarily  move  in  the  directiim  of  the 
dectric  Add  and  thdr  average  speed  is 


The  auttwrs  are  prafeaoors  of  BseWcsl  Engl- 
nssilng  at  tie  Unfverety  of  IMnois,  Urbans. 
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not  simply 'proportkmd  to  the  AeU 
strength;  thad  is,  Ohm’s  law  breaks 
down.  We  dialldiaeum  this  point  more 
extendvdy  later. 

To  illustrate  the  reduction  in  siae 
that  has  acemnpaiaied  the  progrem  of 
semiconductor  technology,  we  show  in 
Agure  2  tiw  origmal  point^ontact  tran- 
siator  and  a  modem  layered  quantum- 
weU  heterostructure.  (We  diould 
pdnt  out,  tboudr*  that  the  pointoon- 
tact  transistor  was  a  much  snuller 
device  than  the  junction  transistots 
that  were  subeequently  most  widdy 
used  in  praetied  devi^) 

As  we  mentioned,  the  electric  Adds 
in  small  devices  can  become  very 
large.  If  we  amnme  that  operating 
vdtages  of  semiconductor  devices  are 
around  5  V,  then  the  maximum  electric 
Adds  in  a  ^r^ed  device  of  twmty  years 
ago  was  on  the  order  of  10-100  V/cm. 
In  a  preesnt-day  intaamtsd  circuit  the 
average  AaUs  are  10*^V/cm  and  maxi¬ 
mum  Adds  are  an  order  of 
larger.  At  such  Add  strengths  sUieon 
and  germanium  become  non^Munic  at 
room  temperature.*  Helds  on  the  or¬ 
der  of  10*  V/cm  are  encountered  be¬ 
tween  neighboring  gates  of  charge- 
oou|ried  devicss  and  in  quantum-well 
layered  devices.  Such  lar^  Adds  may 
alM  be  approached  in  the  very-large- 
scale  int^prated  circuits  that  are  now 
being  developed. 

At  Aelds  lar^  than  1000  volts/cm 
the  charge  carriers  in  a  semiconductor 
are  accelerated  far  above  their  ther- 
md-equilibrium  energy  (given  by  the 
lattice  temperature).  Under  thew  cir¬ 
cumstances  so<alled  “hot-electron  ef¬ 
fects”  bacome  important  and  many  of 
the  familiar  concepts  of  semiconductor 
physics  lose  thdr  validity.  In  this 


artide  we  will  diacum  aonw  of  the 
effects  that  will  be  important  in  fiiture 
very-laige  scale  integmded  circuits  and 
in  optodectrank  devices. 

aa— A  ata  nlmnaem 

nill  PMCUUII9 

Aselectronsmovethroui^thecrya- 
td  lattice,  thay  interact  both  with  eaifo 
other  and  with  the  lattice.  Indectiron- 
ie  devices,  the  apfdisd  electric  Add 
supplias  energy  to  the  dectrons.  If 
eleetron-eleetron  cdlisions  randomise 
the  carrier  energy,  one  can  deAne  a 
tanpmature  for  the  electrons  even  for 
very  high  Aelds.  Tliis  temperature  T, 
is  dw^fs  hid>ar  than  the  temperature 
of  the  crys^  lattice  Ti..  Tb»  differ¬ 
ence  between  T,  and  depends 
strongly  on  the  electric  Aeld  (actually 
on  the  square  of  the  Add  because  rever¬ 
ed  of  the  Aald  must  not  lead  to  negative 
tsmpecBtures)  and  on  the  details  d  how 
the  dectrons  lose  their  energy.  In  all 
praetied  cases  the  deetnms  loee  their 
energy  to  lattice  vibrations.  We  thus 
have  a  picture  of  a  highly  mobile  Auid 
at  high  temperature  (the  “electron 
gas’O  moving  through  the  cooler  cryrtd 
lattice  and  losing  energy  to  it 

We  know  that  omducting  wires  begin 
to  glow  if  too  much  energy  is  trans- 
forred  from  the  electron  gas  to  the 
crystd  lattice.  We  vrould  like  to  em- 
phasiae,  however,  that  even  if  the  lat¬ 
tice  remains  cold  (a  situation  that  often 
can  be  arranged),  the  temperature  of 
the  dectrons  can  be  exceedingly  hid> 
and  cannot  be  controlled  by  any  cooling 
mechanism  (other  than  tte  slow  heat 
loes  to  the  lattice).  A  typied  example 
would  be  a  piaoe  of  sUkon,  let  us  say,  to 
which  an  electrk  Aeld  of  2x  10*  V/cm 
k  applied;  the  electron  temperature 
rises  to  1000  K  no  matter  what  the 
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The  Monte  Carlo  method  has  been  used  to  electron  transport  in  GaAs/AiGaAs 

heterostructutes  with  an  electric  fidd  applied  parallel  to  the  heterojunction  interface.  The 
simulations  indicate  that  a  unique  phyri^  mechanism  for  negative  differential'cmiductivity  is 
provided  by  such  layered  heterostnictures,  which  is  analogous  in  many  respecu  to  the  Gunn 
effect  This  mechanian  has  been  termed  “real-space  electron  transfer**  since  it  involves  the 
transfer  of  dectrons  from  a  hi^-mobility  GaAs  region  to  an  adjacent  low-mobility  AlGaAs 
region  as  the  applied  electric  field  intensity  is  increased.  The  dmulalions  further  indicate  that  the 
important  det^  of  the  resulting  vdodty-fidd  characteristics  for  these  layered  heterostnictures 
can  be  controlled  primarily  through  material  doping  densities,  lay  ei  thicknesses,  and  the  material 
properties  of  the  individual  layers.  Thus,  the  phenomenon  of  real-space  dectron  transfer 
potentially  provides  the  ability  to  “engmeer**  those  basic  material  properties  which  influence  tlie 
performance  of  negative  resistance  devices. 

PACS  numbers:  7120JV.  7180.Ey, 


L  INTRODUCTION 

In  a  recent  paper*  a  new  mechanism  for  obtaining  na¬ 
tive  differential  co^uctivity  in  layered  heterostnictures  was 
described.  This  mechanism  is  based  on  the  transfer  of  hot 
dectrons  from  high-mobility  GaAs  layers  sandwiched  be¬ 
tween  adjacent  low-mobility  Al,Ga, . ,  As  layers.  The  re¬ 
sulting  negative  differential  conductivity  is  andogous  to  the 
Gunn  effect,  except  that  the  dctrons  are  transferred  in  real 
space  rather  than  in  momentum  space. 

To  property  describe  red-qwce  dectron  transfer,  it  is 
necessary  to  account  for  the  scattering  mechanisffls  encoun¬ 
tered  by  dectrons  being  transported  at  high  kinetic  energies 
in  the  potential  wdl  in  the  GaAs,  which  exists  due  to  the 
conduction  band  discoatinuity  between  GaAs  and  AlGaAs. 
A  mechanical  analogy  to  real-space  transfer  is  ivovided  by 
the  example  of  a  ball  roiling  doem  a  chute.  The  ball  svin  stay 
In  the  chute  if  its  kmetie  energy  remains  small  However,  if 
the  ball  gains  adequate  kinetic  energy,  then  sn  obstacle  can 
scatter  the  ball  out  of  the  chute.  A  similar  effect  occurs  in  a 
layered  heterostnicture  wheredectrons  drift  in  the  potential 
w^  under  the  influence  of  a  high  electric  field.  If  the  mobil¬ 
ities  mside  and  outMde  the  well  can  be  controlled,  then  the 
transfer  of  electrons  from  the  well  can  be  used  to  control  the 
current-voltage  eharacterisita  of  the  heterostructure  de¬ 
vice.  If  the  mobility  outside  the  well  is  much  lower  than  that 
inside,  the  effect  results  in  a  negative  differential 
conductivity. 

In  the  previous  paper,'  the  real-space  transfer  effect  was 
examined  on  the  basts  of  “thermiooic  emission  currentt**; 
that  is,  the  densities  of  electrons  inside  and  outside  the  well 
were  calcnlated  by  balancing  the  Richardson  currents.*  In 
these  calculations  the  layers  were  treated  independently,  and 
energy  exdiaage  between  the  layers  wu  not  considered.  The 


•energy  dislribution  of  the  dectrons  in  ht'rii  layers  was  ass- 
sumed  to  be  Maxwellian,  with  the  GaAs  at  an  elevated  tem¬ 
perature  Tf  .ind  with  the  temperature  ‘n  the  Al,Ga,  .j.  As 
assumed  to  be  equal  to  the  lattice  temperature  T,^ .  Tiiismod- 
d  has  four  essential  defteieneiesKi)  it  is  wdl  known  that  at 
high  dectric  fields  the  energy  distribution  functions  in  polar 
semiconduciors  are  highly  non-Ma/»  .veliian.  (ii)  There  is  an 
energy  exchange  between  the  layen  because  energetic  carri¬ 
ers  are  flowing  out  of  the  GaAs  and  cold  ccuriers  are  return¬ 
ing.  (iii)  The  model  does  not  account  foi  electron  tempera¬ 
ture  gradients  or  dectron-elcctron  interactions,  (iv)  The 
complicated  band  sti;acture  of  the  multilayer  heterojunc¬ 
tions  (e.g.^the  role  of  the  L  minima  in  the  two  materials)  was 
net  considered. 

It  is  po.ssible  to  include  (ii)  and  flii)  in  a  simple  theory 
using  the  method  of  moments.*  This  type  of  calculation  is 
described  elsewhere.*  The  only  calculiuion  capable  of  simul¬ 
taneously  including  Q,  (iO,  and  (ivi.  however,  is  a  Monte 
Carlo  caicuiaticn.  The  purpose  of  this  paper  is  to  describe 
the  results  of  a  Monte  Carlo  study  of  le.il-spnce  transfer  in 
GaAs/.MGaAs  layered  heterostructunw.  The  Mcnte  Carlo 
calculations  predict  a  negative  differential  conductivity  for 
properly  chosen  heterostnictures.  The  advantage  of  this  neg- 
ativr  resistance  niechonism  over  the  ’lomtal  Ounn  etTeci  is 
that  .til  the  essential  materials  paranteicis  can  be  ‘'engi¬ 
neered**.  For  e.xampte.  the  peak-to-valioy  ratio  can  be  con¬ 
trolled  by  the  layer  width  and  mobility  rr.iio  including  mod- 
niatiomdoping-').  the  onset  of  the  negitti  ve  difTerent'al^ 
resistance  ran  lx  controlled  by  the  Ai  r.ole  fraction  (barrier 
height),  and  finally  the  speed  of  tne  device  can  be  controlled 
by  the  layer  titicknesses.  We  also  siiow  that  the  real-space 
transfer  eiTect  should  occur  well  befoie  the  Gunn  effect  (l*- 
space  transfer)  for  junction  barrier  heights  of  approximately 
2(X)  meV  in  GsAs/Al,  Ga,  _ ,  As'hetrrostructures. 
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liMsurmiients  of  hot-electron  conduction  and  real-space  transfer  In  GaAs- 
AI^Ga,  .xAs  heterojunction  layers 
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Messuicniaits  of  the  cuncat-vdtage  characteristics  aS  OmAs^Al^Ga,  As  heterogunctUm 
layers  are  rqKVtcd.  The  experimental  results  are  consistent  with  the  idea  of  teal^pace  transfer  of 
the  ekctroas  out  oftheGaAa  into  the  Al,Oa,_,Asun<fcrhot-dectron  conditions.  Current 
saturarion  and  negative  diilbrential  reststance  are  observed  as  predicted  by  Monte  Carlo 

PACS  numbers:  712aHt,  73.40.Lq 


Electronic  transport  in  semkooductor  hetercgunction 
layers  has  attracted  ooosideraUe  interest  stace  Dingle  and 
co-workers  verified  mobility  enhancement  in  modulation- 
doped  structures.'  Sudi  enhancement  occurs  when  dectrons 
leave  their  parent  donon  (e.g.,  in  the  AI,Oa|  _,As)  and 
transfer  to  a  neighboring  undoped  layer  which  has  a  smalkr 
band  gap  (e.g.,  OaAs).  Thus  the  eledtons  win  not  be  scat¬ 
tered  stron^y  by  the  remote  impurities  (donors)  and  the  mo- 
bility  in  the  OaAs  wiU  be  enhanced.  Although  there  are 
some  subtleties,  including  an  enhanced  phonon  scattering 
late,^  this  improved  mobility  is  reflected  by  the  experiments. 

ThecMCdcal  investigations  of  ld|^i4dd  transport  in 
these  layers  led  Hess  «r  a/,  to  conclude  that  when  a  high 
dectric  fidd  is  applied  paralld  to  the  layer  interfaces  the 
inverse  process  takes  place,  namdy  a  transfer  of  dectroos 
from  the  QaAs  layers  badt  into  the  Al^Oa,  _;,As  layers.’ 
This  ptocem  can  be  viewed  as  the  thermionic  emission  of  Iwt 
dectroos,  and  has  simple  mechanical  analogies.*  A  Monte 
Cario  simulation  of  the  real-space  tngectory  of  an  dectroo 
finr  a  double  hc^erqfunetkm  of  Al«Oa,  _  ,  As  (x -■  0.17)  is 
shown  in  the  inset  of  Fig.  l.Aftersomereflectionsandec' 
tron  in  the  OaAs  layer  gains  enoo^  kinetic  energy  firom  the 
^Kilied  dectric  Add  to  move  out  of  the  potential  vreil  caused 
by  the  band-gap  differeace  between  the  two  materials.  Mme 
exact  treatments  of  this  effect  induding  quantom-mechani- 
cal  transmission  codlicients  do  not  reveal  new  features  for 
this  picture.*  The  iiMvement  of  the  hot  dectrons  back  into 
the  low-mobility  AljiOa,  _  As  material  will  of  course  lead 
to  a  nonlinear  bdmvior  in  the  current  density.  Figure  1 
shows  the  current-voltage  characteristic  of  the  double¬ 
heterojunction  structure  shown  in  the  inset  These  results 
were  obtained  from  Monte  Carlo  calculations.*  The  magni¬ 
tude  of  the  negative  differential  resistanoe  in  such  a  curve 
depends  on  the  doping  densities  which  control  the  ftee-carri- 
er  conoentmtioiis  and  mobilities  in  the  Al,Oa,  _«As  and 
QaAs  layers.  A  very  high  doping  density  in  the 
Al.  Gsi .  4  As  causes  a  high  concentration  of  scattering  cen¬ 
ters,  w^h  results  in  a  very  low  mobility  and  high  resistuice 
in  the  Al,Oa,  _,As  and  therefore  can  yidd  large  peak-to- 
valley  ratios,  larger  than  those  observed  in  the  Gunn  effect 
whkli  is  based  on  the  A-space  analog  of  the  mechanism  de¬ 
ss 


scribed  here: 

In  this  letter  we  report  measurements  of  the  high<4eld 
characteristics  of  Al.Ga,  As  structures  grown  by  molec¬ 

ular  beam  epitaxy  (MBE).  The  doping  density  in  the 
Al,Oa,  _,As  layers  wmAr0fielO'’cm~’ and  the  OaAs  was 
not  intentionally  doped.  The  mobility  in  the  QaAs  layers 
was  enhanced  over  the  bulk  value  for  equivalent  doping  and 
was  typically  2x  10*  em’/V  s  at  77  K.  The  mobility  in  the 
Al^  (Hi.;,  As  layers  was  around  1000  em’/Vs  between  3(X) 
and  77  K.  The  doped  Al;,(H|_;,As  layer  was  lOOOAthidc 
in  all  cases,  whereas  the  OaAs  layers  varied  in  thideness 
fromSOoAto  — 1.0  ;tm.  In  tome  of  the  samples  the  OaAs 
layer  was  sandwiched  between  the  doped  and  a  second  (un¬ 
doped)  A1,(H|  _xAs  layer.  Because  (ff  the  pulling  force  of 
the  donors  we  think  that  the  actual  width  of  the  (HAs  layer 
is  rdatively  unimportant,  since  the  dectrons  in  the  (HAs 
will  always  be  within  ICOO  A  of  the  defied  A1,(H,  As 

layer.  Although  x  was  0.17  for  most  of  the  data  repwted 
here,  we  have  made  similar  measurements  with  X  increased 
to  0.23.  Au-Oe  contacts  were  evaporated  on  top  of  the  layer 
(top  layer  A1;,(H|  _  .  As)  and  alloyed  by  heating  at  a  rate  of 
400  *0/0101  in  flowing  Hj  to  a  And  temperature  of  4SC  '-C. 
Contacts  formed  in  this  way  proved  to  be  ohmic  in  most 
cases.  The  distance  between  the  contacts  was  0.063  cm  and 
the  width  of  the  samples  was  about  0.1  cm.  Measurements 
were  performed  using  short  corrent  pulses.  The  measure¬ 
ments  were  taken  at  times  between  1  and  600  ns.  The  sam¬ 
ples  were  mounted  in  OR  insertion  units  and  the  usual  30-12 
samplingoscilloscopex-y  recorder  technique  was  used.’  Be¬ 
low  we  report  five  groups  of  results: 

(i)  Unusually  strong  acoustoelectric  sound  amplifica¬ 
tion  and  accompanying  negative  differential  resistance  (inset 
Fig.  2)  was  observed  in  some  samples  at  77  K  at  very  low 
dectric  fields  of  about  300  V/cm  ^ving  incubation  times  as 
low  as  ~  3  ns.  This  effect  did  not  occur  at  room  temperature 
(the  samples  were  too  sh6rt)  and  was  not  observed  in  any  of 
the  samples  for  which  results  are  reported  below.  A  detailed 
report  will  be  given  in  a  subsequent  publication. 

(ii)  In  samples  not  showing  the  acoustodectric  effect 
(about  40  samples  from  3  wafers)  onset  of  current  saturation 
or  slight  negative  differential  resntance  wu  observed  at  an 
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Abctiact  We  present  a  detailed  caknlatiOB  using  the  inediod  of  finite  diflteences  to 
study  dm  dynamict  of  pulsed  COi  laser  annealing  of  ioiMni^anted  Si.  Tbecaleulatkms 
are  hssed  on  a  thermal  meitii^  model,  taking  into  account  ^temperature  dependences 
tit  «n  parttneat  mtarial  panmefra,  ii«rfii«th»g  »li»  ■K.rt.yt.Mi  »  We  investigate 

the  ‘thermal  runavoty*  bdutviour  and  calculate  the  dircdwld  power  density  to  cause 
thermal  runaway  and  surftoe  melting  of  Si  during  COi  laser  »wn— Bng 


Pulsed  lasers  have  been  successfully  applied  for  annealing  of  radiation  damage  associated 
with  ion  implantation  in  Si  during  device  fabrication.  Experimentally,  work  has  been 
mainly  ermfined  to  kser  wavelengths  in  the  visible  and  netuvinfrared  tiring  a  frequency- 
doubled  YAO  laser  at  AaO.53  ftxa  (Surko  et  al  1979),  a  ruby  laser  at  A>b0.69  im  (B^ 
et  al  1979)  and  a  Nd:glass  laser  at  A»  1.06  urn  CBhattacharyya  et  al  1981).  In  all  these 
lasera  the  ^t>rize  of  the  laser  beam  on  the  Si  sample  was  ^icaUy  a  few  mm  in  diameter. 
Hence,  to  anneal  a  large  area  it  was  necessary  to  use  successive  overi^iping  pulses, 
leading  to  nonuniform  crystalline  quality  in  the  overlap  tenons.  Pulsed  COt  lasers  have 
the  distinct  advantage  of  having  conriderably  larger  spot-size,  and  are  therefore  very 
promising  for  laser  annealing  of  large  Si  wafers  commonly  used  in  industrial  production. 
At  10.6  fim,  the  absorption  coefiSdent  of  amorphous  silicon  is  much  nnaller  than  that  of 
crystallitte  silicon  having  large  donor  concenfration.  Ifence,  for  annealing  with  a  COs 
lamr  it  is  advantageous  to  implant  the  sample  with  a  moderatdy  high  ion  dose  without 
driving  the  sample  amorphous. 

It  is  now  wril  established  that  the  phyrical  phenomenon  behind  pulsed  laser  annealing 
is  thermal  mdting  leading  to  liquid  phase  epitaxial  regrowth.  The  dynamics  of  pulsed 
laser  annealing  for  amorphous  silicon  using  a  Nd.’^ass  laser  (Bhattachaiyya  <f  al  1981) 
and  for  crystalline  riheon  using  a  frequency-doubled  yao  hum  (Baeri  et  al  1979)  have 
been  studi^  in  detail  We  have  recent  calculated  (Bhattacharyya  and  Streetman  1980) 
the  temperature  variation  of  the  free  carrier- absorption  in  Si  for  a  COt  laser  and  with 
suitable  approximations  have  analytically  investigated  in  the  *low  temperature’  r^on 
{T<  1130  K)  the  phenommuni  of  ’thermal  runaway’  during  poised  COs  laser  annealing 
of  SI 

In  this  paper  we  present  results  of  calculations  using  the  finite-difference  method  of 
solving  the  n^near  heat  conduction  equations  to  investigate  the  phenomenon  of  surface 
melting  and  crystalline  regrowth.  The  temperature  variations  of  all  the  various  phyrical 
parameters  have  been  taken  into  fW  consideration  to  provide  a  predictive  theoretical 
model  We  find  that  the  temperature  dependence  of  the  free-carrier  absorption  coefikient 
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oEmt  devicM  thte  tjrpa  of  ootea  cm  bo  darind  n  a  apadal  eaaa. 

1.  Introduction 

T  HAS  BEEN  SHOWN  in  numerous  papen  [1]>[4]  that 
the  motion  and  population  of  electrona  and  holes  in  poten¬ 
tial  wells  playasigi^cant  role  in  the  physics  of  semiconductor 
devices.  The  conducting  channel  in  MOS  devices  is  frequently 
buried  in  a  potential  minimum  away  item  the  interface  to 
avoid  trapping  in  interface  states.  Ordinary  surface-duinnel 
MOS  devices  have  itarrow  potential  wells  at  the  S-SiOj  inter¬ 
face  which  lead  to  size  quantization.  The  potential  wells  of 
heterostructure  layers  are  used  in  numerous  ways  for  optoeUc- 
tronic  devixs  and  FETs.  Modulation-doped  material  offen 
the  possibility  of  producing  potential  wells  with  very  high 
electron  mobilities. 

Under  certain  simplifying  assumptions,  which  will  be  spec¬ 
ified  later,  the  electron  conoentratitm  in  a  potential  well  is 
given  by 

AT-AT,  expIed/ATe].  (1) 

Here  AT,  is  a  constant  concentration,  d  is  the  potential,  and 
Tg  the  electron  temperature  which  is  not  necesnrily  identical 
with  the  temperature  of  the  crystal  lattice.  Geiienlty,  Tg  is 
controlled  by  electric  fields  wUA  give  rise  to  a  drift  current, 
and  Tc  can  be  octremely  hi^  in  high  electric  fields  (up  to 
aevetal  thousand  degiees  Kelvin). 

The  spatial  distribution  of  JV  depends  on  u  can  be  seen 
fitom  (1).  For  Tg  the  electrons  assunw  a  constant  con¬ 
centration.  This  means,  for  example,  that  we  can  generate  a 
transition  from  a  buried-channel  device  to  a  surface-dunnel 
device  by  creating  hot-electron  conditions  with  hi^  electric 
fields  [2] .  On  the  same  basis,  electrons  are  emitted  into  std>- 
strates  in  FETs  which  is  also  an  unwelcome  effect.  It  was 
shown  theoretically  that  this  effect  can  also  be  used  to  create 
negative  differentia  resistance  [3]  by  thermionicaily  emitting 
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Fig.  1.  The  it-dMimri  BOCD  modal  used  in  oor  eakutetion  with  pta 
iaagEi  £  >  S  lun.  P9  d"  0.01  im,  EEckaass  id  oxhte  layer  Zgg  • 
0.04  ion,  imptantad  layar  depth  2|  ■  0.S  um.  beckground  dopte 
Np^iSx  lO'*  cm**, and fanplaataEosk  doae  of  4.0 X  10‘*  cm'*. 

hot  electrons  out  of  layeis  with  high  mobility  to  layers  with 
low  mobility. 

nearly,  noise  can  be  introduced  by  this  hot-electron  emis¬ 
sion  medianism.  In  general,  the  noise  wiO  depend  on  the 
history  of  the  emitted  electrons,  for  example,  on  trapping  sub¬ 
sequent  to  the  emission  process.  The  trapping  could  occur  in 
deep  levels  in  AlxCai.^As  layers  neiaUraiing  to  GaAs  layers 
or  in  interface  states  at  interface  close  to  a  buried  channel. 
The  generation-recrnibination  process  has  to  be  described 
then  by  a  rate  equation  whidi  contains  the  free  carrier  concen¬ 
tration  AT,  where  AT  is  given  by  (1)  with  ^  being  the  potential 
at  the  interface.  A  variety  of  situations  can  arise  in  various 
devices.  As  an  example,  we  perform  the  calculation  for  a 
burM-chanhel  charge-coupled  device.  We  made  this  dioice 
because  of  the  nonstationaiy  character  of  electron  transport 
in  this  device.  Stationary  problems  can  be  obtained  from  our 
treatment  u  special  cases. 

Noise  and  effidency  limitations  in  a  diaige-coupled  device 
are  of  vital  importance  in  all  Mnds  of  appBcations.  Because  of 
problems  with  interface  trapping,  the  buried-diannd  charge- 
coupled  device  (BCCD)  hm  replaced  the  surface-channel 
cha^coupled  device  (^CD).  The  potential  minimum  (the 
place  where  most  of  the  electrons  reside)  is  pushed  away  from 
the  interface  by  means  of  doping.  If  the  electrons  are  accel¬ 
erated  by  high  fields  at  some  place  they  can  still  spill  to  the 
interface  which  causes  noise  and  losses. 

n.  Theory 

The  rate  equation  for  areal  density  of  occupied  interface 
states  is  given  by 

^  -  (Nttv  -  -  e^„  +  r,(0  (2) 

where  i*  ihe  areal  density  of  traps,  and  the 


00184383/81/0300-028S$00.7S  C 1981  IEEE 


IEEE  TRANSACTIONS  ON  ELECTRON  DEVICES.  VOL.  EO-2S,  NO.  7.  JULY  I9<1 


•31 


A  Carrier  Temperature  Model  Simulation  of  a 
Double-Drift  IMPATT  Diode 

HENRY  J.  KAFKA,  member,  ieee,  and  KARL  HESS,  member,  ieee 


Abtma-K  eoovtttM  Nmulation  of  doabk.drift  ilieaa  DfPATT 
diodm  is  pistmtsd.  Ths  nioM  it  ettenlisRy  dio  comwnliaaal  dnft- 
dMAitioH  modtl  with  two  NgniBcint  impnmnMts;  tho  ionixitloo  eo- 
sfSciiwtt  tn  attnmod  to  bs  fnaetiont  of  csnin  twnpetstnrs  nthsr 
than  local  declric  (Md,  and  a  daaciiption  of  the  cffceta  of  the  caniaia* 
thatmal  condnctiviqr  ia  indnded  [1] .  Our  modd  indndaa  aB  known 
hoc  ahetron  cffccta  couept  vdodiy  owanhoot  0iot  daetian  drift,  dif- 
fttafcm,  relaxation,  and  haat  conduction),  and  ia  exact  within  the  finunc* 
work  of  an  electron  temperature  modcL 


The  purpose  of  this  paper  is  to  report  on  the  develop¬ 
ment  of  a  set  of  computer  programs  which  use  a  carrier 
tonperature  model  including  hot  carrier  heat  conduction  ef¬ 
fects  to  simulate  one-dimensional  semiconductor  devices  in 
the  time  domain,  and  to  report  on  early  results  of  the  applica- 
tkm  of  this  simulation  to  a  double-drift  silicon  IMPATT  diode. 
This  type  of  diode  has  very  high  electric  fleld  gradients  and 
rapid  time  variations,  and  these  are  the  conditions  under  v^ch 
the  carrier  temperature  and  heat  conduction  effects  are  ex¬ 
pected  to  be  si^ficant  [1] .  A  more  detailed  account  of  the 
simulation  program,  and  further  results  will  be  presented  at  a 
later  time. 

In  previous  work,  the  large  signal  behavior  of  IMPATT  di¬ 
odes  has  been  simulated  by  digital  computer  programs,  which 
use  finite  difference  methods  to  solve  the  weU^own  set  of 
partial  differential  equations  that  govern  charge  transport  [2] , 
[3] .  While  work  has  been  done  to  improve  the  accuracy  and 
efficiency  of  the  numerical  techniques  used  to  solve  these 
equations  [4] ,  little  work  has  been  done  to  improve  the  simu¬ 
lation  by  using  a  more  sophisticated  set  of  partial  differential 
equations,  which  incorporate  other  semiconductor  phenomena 
in  the  device  model.  The  application  of  the  carrier  tempera¬ 
ture  model  to  the  simulation  offers  an  opportunity  for  this 
type  of  improvement. 

The  carrier  temperature  model  assumes  that  the  spherical 
^mmetrical  part  of  the  energy  distribution  /o  of  the  carriers 
follows  a  standard  MaxweU-Boltzmann  distribution  at  the 
carrier  temperature  Tc  wdiich  is  greater  than  or  equal  to  the 
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lattice  temperature  Tj,.  The  Bfaxwell-Boltzinann  distribution 
phis  the  uaial  drift  term  fi  is  expected  to  be  a  fairly  accurate 
approximation  to  the  acti^  energy  distribution  of  the  carriers 
v^en  strong  carrier-carrier  interactions  are  present.  The  high 
carrier  concentrations  in  the  active  re^ons  of  an  operating 
IMPATT  diode  justify  to  some  extent  the  assumption  of  the 
same  Maxwell-foltzmann  distribution  for  both  electrons  and 
holes,  llie  equations  for  the  current  are  used  in  the  form  de¬ 
rived  by  Stratton  [5] ,  vdiich  is  most  appropriate  for  the  in¬ 
clusion  of  hot  dectron  jdienomena.  We  give  only  the  equa¬ 
tions  for  electrons 


Hie  equation  of  continuity  is  written  as 
3«  _  1  9  . 

vdiere  C  is  the  generation  rate  (an  expression  for  G  is  derived 
below),  n  is  the  electron  concentration,  the  diffusion  con¬ 
stant,  Hn  the  carrier  mobility,  and  F  the  electric  field.  Fur- 
theimore,  we  use  the  Poisson  equation  and  the  following 
equations  for  the  electron  temperature  and  ionization  rate. 

The  equation  for  the  carrier  temperature  has  been  given  by 
Ifess  and  Sah  [6]  for  electrons  (some  of  the  derivation  can  be 
found  in  [S] ),  and  vdien  generalized  to  indude  both  electrons 
and  holes  it  becomes 


where  (dE/dr)  |coii  indicates  the  energy  loss  rate  of  the  respec¬ 
tive  carriers  due  to  collisions  (either  ionizing  collisions  with 
other  carriers  or  collisions  with  phonons),  and  K  is  the  thermal 
conductivity,  which  is  given  by 

K»2kB(Pnn+DpP).  (4) 

This  can  be  derived  as  being  analogous  to  Stratton  [S  ] .  kg  is 
Boltzmann’s  constant.  For  the  Maxwellian  distribution 


Cf)  ■  ■!  kgTc 
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Ballistic  Electron  Transport  in  Semiconductors 


KARL  HESS, 


AHomet-ltM  fomUBitf  of  btUilie  tna^ort  to  •ankoodaetan  i* 
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L  INTRODUCTION' 

HE  IDEA  of  electrons  hicky  enough  to  escape  collisions 
with  crystal  imperfections  was  first  conceived  by  Shock* 
ley  in  context  with  impact  ionization  phenomena  [1].  Hie 
semiconductor  material  of  the  eariy  days,  however,  ctmtained 
sufficient  avoidable  imperfections  to  nuke  the  collision  rates 
of  the  order  of  10**  s~*  and  the  mean  free  paths  of  the  order 
of  10~^  cm.  Current  semiconductor  mater^  are  frequently 
so  pure  that  only  the  unavoidable  imperfections,  the  phonons, 
contribute  to  scattering,  whkh  brings  the  scattering  rate  to 
values  of  10**  s'*  and  less,  for  energies  below  the  energy  of 
optical  fdionons.  Above  this  energy,  the  scattering  rate  is 
boosted  to  10**  s~*  in  practically  all  semkonducton  because 
of  spontaneous  phonon  emission  (2] .  In  addition  to  the  ef¬ 
fects  of  nonequilibrium  statistics,  this  steplike  behavior  of  the 
phoiMm  scattering  leads  to  an  overshoot  of  the  electron  veloc¬ 
ity  over  its  statkmary  value  on  short  time  scales  or  in  inhomo¬ 
geneous  electric  fields.  This  was  first  discovered  by  Ruch  (3] 
and  calculated  for  Si  and  GaAs  by  using  Monte  Carlo  methods. 
It  is  clear  that  this  effect  can  be  used  to  enhance  the  speed  of 
semiconductor  devices  if  the  device  lus  a  suitable  field  distri- 
bution.  Since  in  aiuQ  devices,  diarge  neutrality  is  of  minor 
concern  (space  charge  limited  range),  the  electric  field  is  auto¬ 
matically  inhomogeneous.  The  effect  of  an  inhomogeneous 
field  earned  by  space  charge  limited  conditioru  was  first  added 
to  the  overshoot  effects  by  Shur  and  then  investigated  in  a 
bfge  number  of  papen  [4] -[6].  Recently,  the  claims  in  [4]- 
[6]  have  been  sidijMt  to  controversy  [7]  >[8] .  It  is  the  pur- 
poae  of  this  paper  to  darify  the  physi^  content  of  this  con¬ 
troversy,  to  d^op  the  basic  concepts,  and  to  assess  the 
practical  chances  and  use  of  purely  ballistic  transport. 

n.  Analytical  Considerations 
A.  Homogeneous  Ftebb  and  CcpiierDemtty 

Consider  a  number  of  free  electrons  which  have  a  monoen- 
ergetic  distribution  (i.e.,  the  energy  distribution  function  is 
8-iike;  the  thermal  broadening  is  neglected  for  the  sake  of 
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simplidty).  At  time  r  ■  0  we  apply  an  electric  field  F  which 
accelerates  the  electrons  accord^  to  the  well-known  equa- 
tiotu  of  motion.  Qose  to  the  bandedge  we  may  use  the  effec¬ 
tive  mass  (m*)  approxination.  As  time  progresses,  electroru 
start  to  be  scattered  by  crystal  inqierfections  and  by  interac¬ 
tions  among  themselves.  The  electron-phonon  scattering 
events  and  the  electron-electron  scattering  events  have  two 
entirely  different  consequences.  Since  the  electron-dectron 
scattering  conserves  the  total  momentun  and  energy,  it 
influences  the  electronic  current  only  indirectly  by  establish¬ 
ing  a  distribution  function,  Le.,  by  broadening  the  monoen- 
ergetic  startirrg  distribution.  This  effect  has  been  investigated, 
but  not  in  enough  detail  to  predict  its  consequences  at  the 
very  beginning  of  the  transient  of  the  distribution  function 
from  the  8-form  to  its  stationary  value  [9] .  Qualitatively,  the 
electron  distribution  develops  with  tinte  as  follows.  In  the 
initial  stage  the  electrons  move  neariy  ballistically.  As  soon  as 
a  substantial  number  of  electrons  has  been  scattered  by  pho¬ 
nons,  the  electron-electron  scattering  will  do  the  rest  and 
drive  the  distribution  function  to  its  stationary  value.  Thus 
far,  investigations  of  ballistic  transport  barely  accounted  for 
electron-electron  scattering,  which  will  be  etthanced  by  the 
space  charge  effects  described  in  [4] .  (In  very  small  structures 
the  electron  densities  are  rather  high  because  electrons  are 
pulled  out  of  the  contacts.)  Some  of  the  previous  treatments 
of  ballistic  transport  are  incorrect  for  two  other  reasons. 

Shur  and  co-workers  [4]  -[6]  used  steady-state  Monte  Carlo 
results  to  obtain  their  characteristic  time  constants.  This  pro¬ 
cedure  implies  a  steady-state  distribution  function,  whi^  is 
very  different  from  the  true  8-like  ballistic  distribution  at 
short  times  and  distances.  Therefore,  they  compute  extremely 
high  average  electron  energies  (high  qieed)  by  using  a  distribu¬ 
tion  function  with  a  substantial  amount  of  electrons  at  low 
energies.  As  we  will  see  at  low  energies,  the  scattering  rate  is 
significantly  lower  than  at  energies  above  the  energy  hwLO 
of  the  optical  phonons  or  above  the  energy  wtien  dectrons 
can  be  scattered  to  other  band  extrenu  (a:03  eV  for  GaAs). 
Furthermore,  in  [4]  -[6]  the  computatioru  are  applied  to  re¬ 
gions  of  the  electron  energy  where  the  GaAs  band  structure  is 
very  nonparabolic.  According  to  pseudopotential  calculatioru 
[10]  ,[11]  the  effective  mass  is  already  infinite  or  even  nega¬ 
tive  for  some  of  the  highest  energies  computed  in  [4]  -[6] . 

To  obtain  a  better  feeling  for  the  numerical  values  of  time 
constants  and  distances  involved,  consider  the  following  equa¬ 
tion  (usually  used  in  Monte  Carlo  simulations)  for  the  time  T 
which  an  electron  moves  without  collisions: 
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Electrical  Activation  and  Impurity  Redistribution  During 
Pulsed  Laser  Annealing  of  Implanted 
Amorphized  Silicon 

ANJAN  BHATTACHARYYA.  VENKATRAMAN  IYER.  BEN  G.  STREETMAN.  reixo*-.  tea. 

JUDITH  E.  BAKER,  and  PETER  WILLIAMS 


Aknraei—^ta^  of  tkptrimcau  atndjphif  tii*  altcirkal  actWaiioa 
aii4  impurity  rcdittribuiiuB  during  anaaling  uT  BF]**  impiMiMd 
amorphiaad  tilicou  wHIi  a  0*awitclMd  Nd:gla«  iaiar  (X  ■  l.M  pm)  af 
27.5  nm  fulLwidib  haif'inusimum  (FWHM)  ara  praaauiad.  Tha 
mparimanui  rawiu  ura  aspluiuad  oa  tba  basis  of  a  iharmal  malliat 
Ruidai.  Tba  Usar  fluanca  wrraiiiry  to  inUiaia  mahiug  of  tba  front 
surfsca  was  datarmined  using  tima>raso)«ad  raltactivity  maasuro* 
manu.  Tha  sampias  irradiaiad  with  lasar  flnaacas  Just  baiow  tba 
mailing  thrasboM  and  with  highor  fluancos  producing  moHint  to 
successivaly  daapar  ragions  insida  tba  malarial  wars  spactncaily 
invastigatad.  ll  was  found  that  for  full  clactrkal  activation,  tba  laser 
fluanca  should  ba  large  enough  to  mall  past  the  original  amorphous* 
crysullina  intarfsca  and  the  underlying  damaged  layer.  Icsdist  to 
liquid  phase  aphaaial  ragrowtb  and  *>100  parcam  riactrkal 
activation. 


INTRODUCTION 

HE  impianution  of  BF*  molecular  ions  into  Si  is  a  useful 
method  for  acceptor  dopint.  which  B  provides  the 
dopant  and  F  accomplishes  the  amorphization  {!]. The  range 
statistics  for  molecular  ion  (BF:*")  implana  can  be  predicted 
by  assuming  that  the  BF*  molecule  splits  into  its  components 
with  energies  apportioned  by  mass  ratio.  For  example,  a  150- 
keV  BF;  moiecuie  results  in  two  ’*F.  with  S8  keV  and  one 
’  ’  B  with  34  keV  in  the  Si  sample.  BF;  implanted  Si,  with 
fluence  1  X  cm has  high  electrical  activation  after 
low.temperature  thermal  annealing,  and  p'^<n  junctions  formed 
by  BF;*  implants  have  low  reverse  leakage  current.  For  the 
fabrication  of  devices  requiring  shallow  p  regions.  BF;"^  is 
easier  to  implant  than  B*,  since  the  onplanution  energy*  for 
BF}**  is  mu^  larger  than  that  for  B*  to  form  identical  boron 
range  distributions,  and  more  sublc  ion  beam  currenu  can 
therefore  be  obtained  for  BF-*  implanu.  Another  advanugc 
of  BF;''  implantation  is  the  amorphization  provided  by  the 
heavier  fluorine  atom.  Conventional  thermal  annealing  at 
'^S0‘C  results  in  regrowth  of  the  amorphized  layer,  but  does 
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not  electrically  activate  the  tail  of  the  B  distribution,  located 
below  the  original  amoi^ouKiystanine  interiace  [Ij.Only 
in  a  thicker  amorphous  layer,  formed  for  exam^e  by  multiple 
Si^  predamege  implants,  can  the  entire  B  profBe  be  activated 

in- 

We  have  used  the  technique  of  pulsed  laser  annealing  to 
activate  electrically  the  B  distribution  by  liquid  phase  epit* 
axial  regrowth,  thereby  avoidittg  the  complication  of  im* 
planting  B  into  a  thicker  amorphous  layer  produced  by  ST 
implanu.  The  mechanism  of  the  laser>solid  interaction  during 
pulsed  laser  annealing  is  explaine(^.on  the  basis  of  a  stricth' 
thermal  melting  model  [2] ,  [3] .  The  laser  fluence  corre¬ 
sponding  to  the  melting  threshold  is  determined  experimentally 
by  time-resolved  reflectivity  measuremenu  (2],  [3].  The 
boron  atomic  distributions  are  determined  by  the  secondary 
ion  mass  spectromeir>'  (SIMS)  technique.  Differential  resistiviTy 
and  HaO  effect  measurements  in  conjunction  whh  successive 
layer  removal  are  used  to  obtain  the  elenrical  carrier  distribu¬ 
tions  as  a  function  of  the  laser  fluence.  We  find  that  to  ob¬ 
tain  full  electrical  activation,  the  depth  of  melting  must  ex¬ 
ceed  the  extended  US  of  the  defect  distribution,  which  is 
much  deeper  than  the  calculated  value.  The  presence  of  such 
an  extended  defect  distribution  has  been  attributed  to  en* 
hanced  diffusion  and  panial  chaimelling  [4] . 

EXPERIMENTAL  METHODS 

W'afers  of  4  n*cm  phosphorus-doped  (100)  silicon  were 
used  in  this  investigation.  BF;'*'  was  implanted  at  room  tem¬ 
perature  tt  ISO  keV  to  a  dose  of  1  X  10*  ’  cm~*.  To  reduce 
dianneUing  effects,  the  implanuiions  were  performed  a  few 
degrees  (~7*)  away  from  the  surface  normal.  This  implanu- 
tion  produced  an  amorphous  layer  of  thickness  ~132S  .K.  as 
determined  by  HF  etdting  expeiimenu  [1] . 

Laser  annealing  was  performed  in  air  using  a  ^switched 
Nd:^ass  laser  (X  «  1.06  tan)  with  27J  ns  full-width  half¬ 
maximum  (FlkTIM).  The  laser  pulse  energy*  was  varied  from 
1.0  Jcm~*  to  4.0  Jcm~*  using  absorbing  {Uters.  The  melting 
threshold  was  determined  by  using  a  He-Ne  laser  to  monitor 
the  reflectivity*  of  the  front  surface.  Using  a  photomultiplier 
tube  fEMI  9785B)  of  rise  time  1.8  ns  and  a  400-MHz  Tek¬ 
tronix  transient  diptizer.  the  transient  sipals  were  recorded. 
The  melting  threshold  was  experimentally  determined  to  be 
larger  than  1.0  Jcm~*.  Samples  were  annealed  with  laser 
flucnces  of  1.0.  2.S..  and  4.0  Jcm~*  for  study  with  uie 
SIMS  and  the  Hall  effect  measurements. 
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TIME  DEPENDENCE  OF  CURRENT  AT 
HIGH  ELECTRIC  FIELDS  IN 
AlxGai -xAs-GaAs  HETEROJUNCTION 
LAYERS 

Indtxing  term:  Semieanduaor  lasers,  Semicomhtctars  {Ill-V), 
Surface  acoustic  wares 

Mcasuranenis  of  the  currem/voltage  characteristics  of 
layered  ALGa,.,As<GaAs  heterostructures  are  presented. 
We  show  that  under  special  circumstances  surface  acoustic 
waves  can  be  amplified  in  these  structures  by  surface  acousto¬ 
electric  cfTects  which  might  offer  new  device  opportunities.  In 
samples  where  the  low  field  conduction  occurs  mainly  in  the 
GaAs,  we  observe  at  high  fields  short  current  peaks  which  we 
attribute  to  the  modulation  of  the  hot  electron  depletion  layer 
width,  which  is  consistent  with  the  idea  of  real-space  transfer. 

It  was  shown  in  a  series  of  papers*'*  that  semiconductor 
heterojunction  layers  can  exhibit  unusual  properties  in  high 
electric  fields.  ElMrons  which  first  accumulate  in  the  layers 
with  smallest  bandgap  energies  can  be  heated  by  electric  fields 
to  suprathermal  levels  and  can  then  be  thermionically  emitted 
into  the  neighbouring  material  with  a  higher  conduction  band 
energy.  It  is  clear  that  by  suitable  selection  of  doping,  layer 
width,  alloy  composition  etc.  this  effect  can  give  rise  to  a  new 
class  of  hot  electron  phenomena.  The  possibility  of  construct¬ 
ing  Gunn-like  devices  with  this  electron  transfer  in  real  space 
(instead  of  A-space)  has  already  been  demonstrated.*  In  this 
letter  we  report  two  further  phenomena  associated  with  the 
introduction  of  bandgap  discontinuities  and  layer  boundaries. 
The  first  effect  is  the  observation  of  peaks  (-«1  ns)  at  the 
beginning  of  the  current  pulses  which  we  attribute  to  hot  elec¬ 
tron  modulation  of  the  interfacial  depletion  capacitance. 
The  second  effect,  found  only  in  samples  with  high  doping  in 
the  top  semiconductor  layer,  also  shows  a  current  peak  at 
times  between  1-200  ns.  This  peak,  however,  is  attributed  to 
the  stimulated  emission  of  surface  acoustic  waves.  i.e.  a 
modified  form  of  the  acoustoelectric  effect. 

Measurements  were  made  on  CaAs-ALGa,.xAs  (0-17  £ 
X  i  0-2)  structures  grown  by  molecular  beam  epitaxy  (MBE) 
on  scmi-insulating  GaAs  substrates.  The  top  layer  was 


ALGai.^As  with  a  doping  density  of  No  ^  10* '  cm''  ana 
was  0-1  ^m  thick.  The  GaAs  layer  underneath  was  not  inten¬ 
tionally  doped  and  ranged  in  thickness  from  007  /tm  to  1-6  /im. 
It  was  sandwiched  between  the  top  doped  and  a  second 
(undoped)  Al.Gai  .^As  layer  in  some  of  the  samples.  The  mob¬ 
ility  in  the  GaAs  layers  was  enhanced  over  the  bulk  value  for 
equivalent  doping  and  was  around  20000  cm^.^s  at  77  K.  The 
doped  AlGaAs  layer  had  a  mobility  of  about  1500  cm*  Vs. 
Most  of  our  knowledge  of  carrier  concentration  and  mobility 


a 


Fig.  I 

a  Leading  edges  of  voltage  pulses  and  corresponding  current 
pulses  for  electric  fields  of  (I)  1-5  kV  cm,  (2)  2-7  kV  em.  (3)  fO 
kV/cm.  (4)  7  3  kV.cm  and  (S)  8  1  kV  em 

h  Sample  geometry  showing  AKQaAs  and  GaAs  layers  and  equi¬ 
valent  circuit  containing  depiction  layer  capacitance 
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,  wa»  obtained  from  Hall  eficct  data,  which  renect  only  average 
concentrations  and  mobilities  for  the  sample.  Au-Ce  contacts 
were  evaporated  on  the  top  layer  (AI.Ga  | .  .As)  and  alloyed  by 
heating  at  a  rate  of  dOO'C^min  in  flowing  Hj  to  a  final  tempera¬ 
ture  of  dSO'C.  These  conucu  were  found  to  be  ohmic  in  most 
cases.  The  distance  between  contacts  was  0065  cm  and  the 
width  of  the  samples  was  approximately  008  cm.  The  experi¬ 
ments  were  performed  using  600  ns  voluge  pulses  and  the 
measurements  of  the  current/voltage  characteristics  were  taken 
at  times  between  1  ns  and  600  ns.  The  samples  were  mounted 
in  GR  insertion  units  and  a  50  G  sampling  oscilloscope  and  x-y 
recorder  were  used  to  obtain  the  current/voltage 
characteristics. 

Fig.  lu  shows  the  shape  of  the  current  pulses  at  various 
electric  fields.  Within  the  first  nanosecond  there  appeared  a 
peak  in  numerous  samples  which  was  only  weakly  dependent 
on  the  sample  resistance  and  was  not  caused  by  the  external 
circuit  (a  dummy  resistor  of  the  same  resistance  did  not  show  a 
peak).  This  peak  was  also  only  weakly  dependent  on  tempera¬ 
ture  and  was  observed  at  both  300  K  and  77  K.  The  peak  does, 
however,  depend  on  thg  applied  voltage  and  appear^  in  some 
samples  only  above  the  threshold  for  real  space  transfer  (i.e. 
was  correlated  to  the  appearance  of  current  saturation  and/or 
negative  differential  resistance).  We  attribute  this  peak  to 
changes  in  the  depletion  layer  capacitance  at  the  AlCdAs- 
GaAs  interface.  As  soon  as  electrons  transfer  back  from  the 
GaAs  to  the  AIGaAs  the  depletion  layer  width  is  reduced  and 
the  capacitance  increases.  Our  experimental  conditions  were 
not  sufficiently  definitive  to  evaluate  this  effect  quantitatively 
as  can  be  seen  from  the  sample  geometry  and  equivalent  circuit 
in  Fig.  16.  It  is  clear  that  inhomogeneities  of  the  resistance, 
contact  effects  etc.  can  influence  the  measurements  in  this 
geometry  and  a  quantitative  experiment  should  measure  the 
transverse  capacitance  separately.  Note,  however,  that  this 
effect  represents  a  new  kind  of  voltage  variable  capacitance.  It 
should  also  be  noted  that  this  effect  is  not  present  in  bulk 
GaAs. 

In  some  samples  in  which  the  AIGaAs  was  so  highly  doped 
that  it  made  the  main  contribution  to  conduction,  a  current 
peak  of  a  dilTerent  kind  was  observed  at  early  times  (1-200  ns) 
as  shown  in  Fig.  1  This  peak  was  also  linked  to  a  negative 
differential  resistance  (NDR).  This  NDR.  however,  occurred  at 
77  K  only  and  at  much  lower  electric  fields  (F  s:  300  V/cm) 


current  pulses  livid 

(KV/cm) 


Fli.2  Current  /wbes  exhibiting  a  neetmj  form  of  initial  prak  ami 
Jeereasing  current  with  increasing  eleciric  fielJ.  This  vllect  is  atirihuieJ 


than  the  NIJR  observed  in  connection  with  real  space 
transfer.'  The  AIGaAs  mobility  of  our  samples  was  about 
p  as  1500  .cm Vs.  which  makes  /tF  s  iV  the  longitudinal 
sound  velocity  in  AIGaAs.  This  fact,  together  with  the  depen¬ 
dence  of  the  long  incubation  time  of  the  current  drop  on  the 
electric  field  and  the  disappearance  of  the  effect  at  300  K  for 
our  sample  length  (higher  lattice  losses)  strongly  suggests  an 
explanation  by  the  acoustoelectric  effect.  In  contrast  to  the 
bulk  acoustoelectric  effect,  however,  we  amplify  the  sound 
waves  in  a  layer  of  -  1000  A  near  the  surface,  which  determines 
the  frequency  of  the  amplified  surface  waves  to  be  ^  10  GHz.’ 
It  is  worth  mentioning  that  this  presents  a  possibility  of  direct 
generation  of  surface  acoustic  waves  which  might  be  far  super¬ 
ior  to  the  bulk  acoustoelectric  effect  because  of  the  versatility 
of  the  MBE  crystal  growth  and  the  smallness  of  the  structures, 
which  can  be  made  of  the  order  of  the  coherence  length  of  the 
generated  sound.  One  can  therefore  avoid  the  incoherent 
amplification  as  it  is  usually  found  in  bulk  material. 

In  summary,  we  report  two  new  features  of  heterojunction 
transport.  One  is  the  hot  electron  control  of.  the  depletion 
capacitance,  and  the  second  is  the  generation  of  surface 
acoustic  waves. 

This  work  was  supported  by  the  US  Office  of  Naval 
Research,  the  Army  Research  Office,  and  the  Joint  Services 
Electronics  Program.  The  crystal  growth  facilities  are  also  sup¬ 
ported  by  the  US  Air  Force  Office  of  Scientific  Research. 
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Abacracc.  -  Thaoracleal  and  axparlaaacal  raaulca  ara  pcaaancad  for  lacaral  craaa- 
porc  la  layarad  hacarojuaccion  atrueturaa.  It  ia  ahowa  chat  cha  variability  of 
beuadary  eondiciona  (pariodic  or  aoaparlodlc)  givaa  riaa  to  a  aariaa  of  aoval 
affacta  with  high  davlea  potaacial.  Thaaa  affacta  will  ba  praaaatad  atraaaiag  tha 
raal-apaca  •  ic-apaca  aaalogy. 


Introduce ioB.  •  Whan  I  haard  la  1977  C.  Silauai’a  "took  Ovar  Tha  Shouldar"  pra¬ 
aaatad  at  tha  aaatlBg  la  Saatoa  111 ,  I  did  aot  raallta  that  two  yaara  latar  I  ueuld 
alauat  axpariaaca  aaothar  dlract  proof  of  hia  laat  quotatioa  fros  Hagai  [2] .  In 
1979  Hadla  2torkog.  Saa  Straataua  aad  xyaalf  vara  lad  to  tha  Idaa  of  raal  apaea 
cranafar  in  auparlattlcaa  [3] ,  aa  affaes  which  Intar  alia  caa  ba  uaad  to  produea 
tha  raal  apaca  aaalogy  of  tha  Guaa  affaet  la  proparly  daalgaad  aasplaa.  Ha  par- 
foraad  aoaa  pralialaary  caleulatleaa  of  thla  affaet  aad  aubaittad  a  aaauaerlpt  [d] 
which  waa  charactarlzad  by  tha  flrac  'rafaraa  aa  ualnportant,  iacoaplata,  aad  seaely 
wrong.  Va  would  hava  atoppad  the  work  on  this  projact.  If  wa  had  aot  obtalaad  eoa- 
flraatioa  of  our  aatlaataa  by  aopblatleacad  iioata  Carlo  ealeulatioaa  parfemad  by 
Gllaaoa  at  al.(S)  and  ealeulatioaa  with  tha  aatbod  of  aoBoaca  by  Shlchijo  at  al.  [6] 
aa  wall  aa  aaeouragaMae  by  dlaeuaalona  with  J.  Sardaaa  aad  H.  Kroaaar. 

Sfaaawhlla  wa  alao  laacaad  aora  about  alraady  wall  known  varlatloaa  of  tha 
real  apaca  craaafer  affect.  Anoag  thaaa  varlatloaa  ara  cha  alaecron  anlaalon  froa 
ailleoa  inco  allieoa  dioxide  which  waa  dlaeovarad  by  !llag  [7] ,  tha  eraaafar  of 
alaetrona  to  a  floaclag  gate  la  read  only  tMBorlea  aad  tha  dlffualon  of  hoc  alee- 
ernna  la  graded  gap  aaaleoaduecora  aaaaured  by  Oargla  at  al.  [8| .  Superlaccleaa 
aad  aaall  guaacua  wall  hacaroacruccura  layara  add  aaay  poaaiblliclea  to  thaaa 
affacta.  Ia  fact,  a  gaaaral  eorraapoadanca  of  k-apaca  and  raal  apace  traaaporc 
affacta  can  ba  aacabllahad.  It  la  tha  purpoaa  of  thla  paper  to  daacriba  the 
lateral  cranaport  la  auparacrueturaa  aad  to  llluacraca  thla  k-apaca  raal-apaca 
eorraapoadanca  on  cha  baala  of  coaereta  axanplaa. 
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1.  INTRODUCTION 

Parallel  to  the  revolutionary  development  of  large  scale  integrated 
silicon  technology  much  progress  has  been  made  in  the  technology  and 
basic  physical  understanding  of  artificial  crystals,  superlattices  and, 
generally,  lattice-matched  semiconductor  heterostructure  layers.  For 
example,  heterostructure  lasers  (including  superlattlces)  with  low  thres¬ 
hold  currents  and  flat  temperature  dependence  have  been  successfully  grown 
using  iMtalorganlc  chemical  vapor  deposition  (MO-CVD) ,  molecular  beam 
epitaxy  (MBE)  and  liquid  phase  epitaxy  (LPE)[l-3].  It  has  also  been 

possible  to  produce  layered  structures  exhibiting  extremely  high  carrier 

/ 

mobility  using  the  technique  of  modulation  doping  [4].  These  technological 
advances  are  presently  stimulating  large  scale  research. 

In  this  review  we  describe  common  features  of  both  metal-oxide— silicon 


(MOS)  devices  and  III-V  lattice-matched  heterostructure  layers.  These  common 
features  are  connected  with  the  two-dimensional  nature  (size  quantization)  in 
these  structures  and  with  "suprathermal"  excitation  of  the  electrons  by  high 
electric  fields  or  by  optical  pumping.  We  concentrate  on  spatial  redistribu¬ 
tion  of  electrons,  or  real-space  transfer.  The  real-space  transfer  of 
electrons  Is  caused  by  carrier  redistribution  to  the  position  of  lowest 
kinetic  energy  of  the  heterostructure.  This  process  occurs,  of  course,  by 
phonon  emission  as  the  system  attempts  to  achieve  equilibrium.  Optical  or 
electrical  excitation  can  lead  to  the  Inverse,  l.e.,  carrier  excitation  and 
transfer.  This  can  have  a  detrimental  effect  on  certain  kinds  of  device 
operation,  but  can  give  rise  also  to  ultra-fast  switching  phenomena.  In 
addition  to  these  effects  caused  by  boundaries  and  by  space  charge  build-up, 
pronounced  effects  are  observed  owing  to  small  layer  sizes.  The  power/volume 

ratio  in  ulxra-thln-layer  structures  can  be  extremely  large  and  create  new 
effects .  Some  of  these  will  be  discussed  In  connection  with  quantum-well 
heterostructure  (QWH)  lasers. 


ComriMnts  on  the  plasma  annealing  model  to  explain  the  dynamics  of  pulsed 
laser  annealing  of  Ion-Implanted  silicon 
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of  ion-implanted  silkon  can  be  exidai^  on  die  bade  of  a 
thennal  melting  model.’’^  There  have,  however,  been  inter¬ 
esting  theoretical  considerations  by  Van  Vechten  er  n/.’ 
about  the  possible  role  of  screening  effects  in  the  dense  riee- 
tron-htde  {dasma  which  might  prevent  the  lattice  tempera¬ 
ture  firom  rising  significantly  daring  pulsed  laser  anni^Kwg 
of  silicon.  Experimental  resiilts  using  time-resdved  trans¬ 
mission  measurements'*  and  Raman  spectroscopy*  are  cited 
to  support  the  plasma  annealing  mod^  The  purpose  of  this 
comment  letter  is  to  point  out  difficulties  in  the  interpreta¬ 
tion  of  these  two  measurements  for  studying  typical  pulsed 
laser  annealing  experimmts  and  to  propose  additkMial  ex¬ 
periments  suitable  to  this  problem. 

In  the  transmission  experiments,  Lee  er  e/.^  use  a  Oe 
detector  located  bdund  the  Si  sanqile  fo  monitor  li^  firom  a 
probe  laser  transmitted  during  the  annealing  laser  pulse. 
Siiice  transmitted  li|^t  is  not  entirdy  quenched  daring  the 
laser  poise  and  subsequent  period  of  altered  surfiKe  proper¬ 
ties,  they  condude  that  the  surfiKe  could  not  have  mdted. 
The  problem  with  this  experiment  is  that  the  probe  laser  tt 
not  the  only  possibie  source  of  transmitted  li^t  If,  fior  ex¬ 
ample,  the  &mt  sotfime  teaches  a  very  hi^  temperature  as  is 
generally  bdieved,*'*  considerable  Mimkbody  radiation  is 
emitted.  The  Oe  detector  would  then  respond  to  photons 
between  its  oam  band  gap  and  that  of  the  Si  sample  throng 
which  the  radiation  is  transmitted.  In  addition,  there  may  be 
some  Si  pbotohmuneacenoe  at  the  venr  hig^  dectron-hole 
concentrations  of  this  experiment  Therefore,  a  broad-band 
obeervatioB  of  transmitt^  light  during  an  annealing  pulse 
cannot  be  used  to  oondude  that  the  Grant  surfoce  does  not 
melt  One  mi^  however,  monitor  emitted  wavdengthsnot 
otherwise  present  in  the  experiment  to  study  the  tempera¬ 
ture  ttansieat  by  biackbotfy  radiation. 

The  sectmd  experiment  (Raman  Spectroscopy*)  mea¬ 
sures  the  nonequilibrium  phonon  occupation  numbCT  at 
small  phonon  wave  vectors  q  5 10*cm~ '.  This  experiment 


was  used  by  Lo  and  Campaan*  to  conclude  that  the  Si  sur- 
fime  temperature  does  not  rise  above  several  hundred  de¬ 
grees  centigrade  daring  the  eqieriment  The  phonons  gener- 
ated  by  excited  dectrons  (or  hries),  however,  have  a 
minimum  arave  vector  of* 

Here  k  is  the  wave  vector  of  the  dectront,  iiL^ia'riieir  energy, 
and  fiVap,  is  the  energy  of  the  predominandy  optical  phon¬ 
ons  generated.  Typically  we  have  Z  ld^cm~ '.  The  de¬ 
cay  of  these  phomms  towards  thermal  equilibrium  occun  in 
many  steps  and  some  of  the  phonon  mo^  involved  in  dds 
decay  survive  for  considerable  time  and  over  macrosco|m 
distances.*  Also,  die  idionons  having  the  longest  wavdength 
are  heavily  screened.  It  is  therefore  not  at  all  clear  that  the 
Raman  experiment  gives  conclusive  evidence  about  the  state 
of  excitttion  of  the  vibrational  spectrum,  since  the  measured 
Stokes/Antistokes  amplitude  ratio  may  not  have  reached  | 
the  steady  sttte.  i 
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Demonstration  of  a  new  oscillator  based  on  real-space  transfer  In 
heterojunctions 

Paul  0.  Coltman  and  J«y  Frewnan 

DtpvtmmatfEketrte^EiiiiMtrin^  Urbaiut,  IlUneit 
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(Received  9  November  1981;  acoqited  for  pubUeetion4  January  1982) 

A  new  real-apaoe  transfer  oKillator  is  demonstrated  in  a  layered  GaAa/nAlGaAs 
faeteredunetion.  A  dc  bias  fidd,  plus  the  ae  oadUatinf  field,  is  apidied  paralld  to  the  layer 
interihees  to  modulate  the  electron  transfer  &om  the  OaAs  layers  to  the  JiAlGaAs  layers.  This 
periodic  dectron  transfer  results  in  the  ae  current  bong  IfiQT  out  of  phase  with  the  ac  voltaie  and 
power  beinf  generated.  A  unique  characteristieefthis  oscillator  is  that  the  dectron  transit  times 
are  associated  with  transverse  dimensimu  and  not  dimensions  between  the  ohmic  contacts 
which  should  permit  its  extension  to  very  hi^  frequendes. 

PACS  numbers:  72.20.Ht.  72.80.Ey.  72.20 Jv 

In  thb  letter  it  is  demonstrated  that  if  a  dc  plus  ac  elee«  the  device  appreciably.  The  heterostructure  sample  dimen* 

trie  field  b  applied  parallel  to  the  layered  interface  of  a  het«  sions  were  l>mm  width  with  30^m  metd  contact  spacing, 

erostructure,  a  new  type  of  conduction  current  osdllator  An  I-V  curve  of  the  three-|^od  sample  is  shown  in 

making  use  of  redospace  transfer'  has  been  realized.  Fig.  4.  It  is  seen  that  the  current  saturates  around  10  V  and 

The  principle  of  oscillation  can  be  explained  with  the  displays  a  slight  negative  slope  for  voltages  of  10-25  V. 

aid  of  Fig.  1  wUch  depicts  a  three-layer  GaAs-  -  Oscillator  traces  of  the  oscillator  behavior  and  wave- 

fiAl,  Oa,  _  ,  As  heterostnicture  with  a  dc  and  ac  bias  iqiplied  forms  are  displayed  in  Fg.  5.  In  (a)  and  (b).  the  LC circuit  was 

paralld  to  the  layered  interface.  The  applied  voltages  will  tuned  to  2  MHz  while  in  (c)  and  (d).  the  LC  circuit  was  tuned 

cause  dc  and  ac  heating  the  electrons  in  the  low  resistance  to  25  MHz.  As  seen  in  Figs.  5(^  and  5(b).  as  the  pulsed  bias 

OaAs  layer  petiodkally  moving  them  between  the  GaAs  voltage  is  increased,  one  first  sees  a  small  highly  damped 

layer  and  the  high  resistance  fiAl;,Oa,  As  layers.  Thb  will  ringing  of  thelC  circuit  at  the  start  of  the  trace,  then  as 

result  in  the  ac  current  being  180*  out  of  phase  with  the  ac  threshold  b  approached  the  damping  decreases,  the  ringing 

voltage  to  achieve  power  generation.  increases  and  in  Fig.  S(b)  steady-state  oscillation  b  achieved 

A  particulariy  interesting  aspect  of  thb  conduction  cur-  arith  further  increase  in  bias.  The  behavior  at  25  MHz  b 

rent  oscillator  b  that  the  dectron  **tranait  times”  are  associ-  identical  to  that  at  2  MHz  with  the  bias  voltage  near  13  V  and 

t  ated  with  transverse  dimensions  ofthe  structure  and  not  db-  the  peak  rf  voluge  near  3  V.  Increasing  the  dc  bias  beyond  13 

tance  between  the  bhmic  contacts.'  Here  the  GaAs  layer  can  V  did  not  appreciably  increase  the  peak  rf  volumes. 

bemadequitethin(50-200 A)sothatthehotelectronshavea  These  r^-space  transfer  oscillator  characteristics  ate 

small  dbtance  to  travd  to  reach  the  n-typeGa,.;,  As  layers.  to  be  contrasted  to  those  ofa  Gunn  oscillator.  Inthetravd- 

The/^(cuiTentdenaity,clectricfi^)characterbticsof  ing  dipole  domain  mode  (r/>2x  lO'^cm'^aGuimcscilla- 

these  layered  GaAs/nAl^Oa,  _«As  structures  have  been  tor  shows  little  response  to  circuit  tuning  as  demonstrated 
studied  by  Hess.'  Sbidiyo,’  Keever^andcollsagues,  and  the  for  example  by  Hakki  and  Knight.*  Here  the  real-space 
enhanced  mobility  by  Din^  era/.*  and  Morko;  and  col¬ 
leagues.*  These  studies  confirm  the  transfer  of  electrons 
from  theb  parent  donors  (in  the  Ala  Ga,  _  a  As)  to  the  GaAs 
and  support  the  reverse  transferback  to  the  Ala  Ga,  _a  Asby 
Ugh-I^  beating  of  the  dectrons. 

The ‘'three-period”  GaAs/nAla  Ga,  _  a  As  heterostnic- 
ture  used  in  the  experiments  b  shown  in  Fig.  2.  Thb  struc¬ 
ture  had  an  undoped  AlaGa,  _a  As  buffer  layer  to  Airther 
enhance  the  mobility  in  the  GaAs,  but  it  b  bdkved  that  thb 
b  not  necessary  fbr  the  oscillator  appUcadon. 

A  tunnel  diode  rf  circuit,*  shoW  in  Fig.  3.  wu  used  to 
study  the  oscillator  behavior  in  the  2-25-MHz  range  for  con- 
venknce  in  oscilloscope  measurements.  The  heterostructure 
was  mounted  in  a  transbtor  header  which  was  placed  in  liq¬ 
uid  nitrogen.  Pulsed  voltages  in  the  1-5^S  range  at  low  rep-  p|Q,  Ptnoeically  houid  dectrow  movins  in  and  out  ofOaAs  laytr  in 
cdtlon  rates  of  6(^100  Hz  were  employed  to  avoid  heating  HtMroiHnction. 
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Besonance  lapaet  Ionization  In  Superlattices 

K.  K.  Non  and  K.  Hess 
Department  of  Electrical  Engineering  and 
the  Coordinated  Science  Laboratory 
Unirersity  of  Illinois 
Urbana,  Illinois  61801 

ABSTRACT 

Ve  propose  an  enhancement  of  the  electron  or  hole  impact  ionization 
coefficients  (  a  or  8 )  by  introducing  resonant  impact  ionization  states  into 
the  (conduction  or  valence)  band  by  using  suitable  lattice  matched  multilayer 
hetero junctions  (superlattices).  Model  calculations  for  the  AlAstGaAs 
superlattice  indicate  resonance  enhancements  can  occur  over  a  vide  range  of 
energy  gaps  (1.54  -  1.9  eV).  The  gap  can  be  varied  by  choosing  the 
appropriate  ratio  of  the  alternating  layer  thickness.  This  effect  should  be 
useful  for  Improving  the  signal/naise  ratio  of  avalanche  photodiodes 
significantly. 


Appl.  Phys.  Lett.  41,  664  (1982). 
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due  to  impurity  central-cell  potentials 
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ABSTEACT 

The  effects  of  scattering  by  the  central-cell  defect  potential  of  a 

3 

substitutional  sp  -bonded  impurity  or  vacancy  in  a  zincblende  host  are 
evaliiated.  Significant  scattering  of  electrons  can  occur  if  a  "deep  reso¬ 
nance"  lies  slightly  above  the  conduction  band  edge.  The  theory  is  applied 
to  scattering  of  electrons  by  defects  in  GaAs. 


PACS  Numbers:  72.10. -d;  72.10.Fk;  72. 80. Eg 
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ASPECTS  OF  HIGH  FIELD  TBAHSPOBI  IS  SEMICONDUCTOR 
BEXEIDLATEtS  AMD  SEMICONDUCTOR  DEVICES 

K.  Bess 

Coordinated  Science  Laboratory  and 
Oepertaent  of  Electrical  Engineering 
university  of  Illinois 
UOl  W.  Springfield 
Utbene,  Ullnols  61801 


Niineroua  papers,  reviews  and  books  have  been  written  on  high 
field  transport  in  semiconductors  and  semiconductor  devices  (see  e.g.  Landau 
and  Kompanejez  (1934),  Shockley  (1951),  Hllsum  (1962),  Ridley  and  Uatklns 
(1963) ,  Gunn  (1963) ,  Conwell  (1967) ,  and  Ferry  ^  (1980) .  One  can  safely 

say  that  the  theoretical  aspects  of  high  field  transport  in  bulk  semiconduc¬ 
tors  under  steady  state  conditions  are  imderstood  In  great  detail  within  the 
semlclasslcal  Boltzmann  formulation  for  electric  fields  F  <  10^  V/cm.  The 
basic  principles  have  been  established  and  their  treatment  has  been  simplified 
to  such  an  extent  that  a  wide  variety  of  phenomena  can  be  calculated  to  an 
accuracy  of  a  factor  of  2  or  so  with  a  pocket  calculator. 

This  review  concentrates  on  new  developments  In  the  general  area  of 
high  field  transport  and  la  also  Intended  to  provide  a  bridge  In  the  Infor¬ 
mation  gap  between  scientists  working  on  device  modeling  and  others  working 
on  the  basic  physics  of  hot  electrons. 


ELECTRON  TSANSPOSI  IN  HETEROJUNCTIONS  AND  SUPERLATTICES 


K.  Hess 
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Urbana,  Illinois,  U.S.A.  61801 

ABSTRACT 

Theoretical  and  experimental  results  are  presented  for  high  field 
transport  In  heterojunction  structures  parallel  to  the  layers.  It  Is  shown 
that  these  structures  exhibit  new  transport  effects  with  high  potential  for 
device  applications.  A  novel  oscillator  principle  and  novel  storage  and 
switching  phenomena  are  described.  These  effects  are  'real-space*  analogies 
to  well-known  k-space  effects  such  as  the  Gunn  effect. 

Proceedings  of  the  16th  International  Conference  on  the  Physics 
of  Semiconductors f  1982  (invited  paper). 
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ELECTRON  BEAM  ANNEALING  OF  SEMIOONDUCTORS 
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ABSTRACT 

The  temperature  distribution  in  a  rectangular  sample  as  a  function  of 
time  and  position  during  svept  line  electron  beam  (SLEB)  annealing  has  bee:, 
calcxilated.  Beam  penetration  effects  have  been  included  vising  Monte 
Carlo  method  and  the  tenperature  distribution  has  been  obtained  from  Green'; 
ftmctlon  techniques  and  the  method  of  images.  The  effects  of  various  beam 
parameters  on  the  temperature  distribution  have  been  studied.  The  results 
are  correlated  with  experimental  studies  of  the  electrical  activation  of  Be 
in  GaAs  during  SLEB  annealing.  The  annealing  is  shown  to  be  governed  by  a 
relation  of  the  form 

-  0»535 

Activated  fraction  ■  (Dwell  time)  x  (3840  e  )  . 
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Annealing  studies  of  laterally  seeded  recrystalllzed  silicon 
on  silicon  dioxide.  I.  Phosphorus  Implants 
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ABSTRACT 

Phosphorus  Implantation  sfidles  of  laterally  seeded  silicon  on  silicon 
dioxide  recrystalllzed  by  a  scanning  graphite  strip  heater  are  presented. 
Hall  profiling  has  been  used  to  obtain  donor  concentration  and  electron 
mobility  as  a  function  of  depth.  The  recrystalllzed  silicon  layer 
contains  subgrain  boundaries  which  slightly  reduce  phosphorus  activation 
and  alectron  mobilities  below  bulk  silicon  values. 
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Annealing  Studies  of  laterally  seeded  reerystalllzed  allicon 
on  silicon  dioxide.  II.  Boron  Implants  _  ^ 
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ABSTRACT 

Microzone  melting  by  a  moving  graphite  strip  heater  has  been  employed  to 
recrystallize  polyslllcon  on  silicon  dioxide  layers.  Electrical  activation 
and  hole  mobilities  in  boron  Implanted  slllcon-on**oxlde  have  been  measured 
by  the  double  a.c.  Hall  effect  method.  Comparative  studies  with  bulk 
silicon  and  unrecry stalllzed  polyslllcon  show  that  these  reerystalllzed 
silicon  films  have  excellent  electrical  properties. 
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